This paper proposes a novel method for measuring blood plasma and serum viscosity with a microcantilever-based MEMS sensor. MEMS cantilevers are made of electroplated nickel and actuated remotely with magnetic field using an electro-coil. Real-time monitoring of cantilever resonant frequency is performed remotely using diffraction gratings fabricated at the tip of the dynamic cantilevers. Only few nanometer cantilever deflection is sufficient due to interferometric sensitivity of the readout. The resonant frequency of the cantilever is tracked with a phase lock loop (PLL) control circuit. The viscosities of liquid samples are obtained through the measurement of the cantilever's frequency change with respect to a reference measurement taken within a liquid of known viscosity. We performed measurements with glycerol solutions at different temperatures and validated the repeatability of the system by comparing with a reference commercial viscometer. Experimental results are compared with the theoretical predictions based on Sader's theory and agreed reasonably well. Afterwards viscosities of different Fetal Bovine Serum and Bovine Serum Albumin mixtures are measured both at 23°C and 37°C, body temperature. Finally the viscosities of human blood plasma samples taken from healthy donors are measured. The proposed method is capable of measuring viscosities from 0.86 cP to 3.02 cP, which covers human blood plasma viscosity range, with a resolution better than 0.04 cP. The sample volume requirement is less than 150 ll and can be reduced significantly with optimized cartridge design. Both the actuation and sensing are carried out remotely, which allows for disposable sensor cartridges.
Introduction
Blood plasma viscosity can be used for the diagnosis of several diseases such as cardiovascular disorders, rheumatoid arthritis, certain autoimmune diseases [1] . Plasma viscosity increases in parallel with erythrocyte sedimentation rate (ESR), however, it is not influenced by hematocrit (anemia, polycytemia). Therefore, for hyperviscosity syndromes plasma viscosity can be more useful than ESR, which is widely used for diagnostics. The blood plasma viscosity range for healthy individuals is between 1.1 cP and 1.3 cP. It can be elevated up to 3 cP in symptoms of hyperviscosity [2] . Current devices for blood plasma viscosity measurement have limitations as reviewed below. This paper reports a fast and convenient novel measurement method for measuring blood plasma and serum viscosity from low sample volumes with a high sensitivity.
There are several approaches for viscosity measurements. Viscometers based on the rolling ball (or falling sphere) principle have a wide usage for various liquids. However, these instruments require custom-designed, precision-manufactured, long capillary tubes. These capillary tubes are costly and require cleaning after each use, thus not very suitable for medical use. Another common viscometer is based on rotating tube principle [3] which is generally used as a bench top tool requiring high sample volumes. Capillary-tube viscometers are being used to measure the plasma or serum viscosity [4, 5] but suffer from cleaning requirement after each use which can be challenging due to the capillary geometry. Hence, there is a need for a viscometer which has disposable cartridges requiring low sample volume in order to facilitate blood plasma viscosity measurements in Point of Care (POC) tests.
The dynamic behavior of resonant microscale structures strongly depend on the medium in which they are operating [6] . Hence, this permits the measurement of the rheological properties of that medium by tracking the changes in resonant frequency and quality factors (Q). Different types of micro-mechanical viscosity sensors based on various techniques have been reported. These include, measurement of the torsional vibration of an oscillating tube, thickness shear mode resonators, acoustic wave sensors and oscillating plate/membrane structures [7] [8] [9] [10] [11] [12] . Cantileverbased viscosity sensors, as discussed in this paper, also have a wide usage. Viscosity measurements of engine oils, silicone oils and glycerol solutions with the use of millimeter scale cantilevers with large sample volumes (around 3 ml) have been demonstrated [13] [14] [15] . Although there are other studies introducing measurements with microcantilevers [16] [17] [18] [19] [20] [21] [22] , the working range or sensitivity is not suitable for the blood plasma viscosity measurement due to various limitations imposed by operating cantilevers in liquids.
MEMS cantilever based viscosity sensors have been previously designed specifically for glucose concentration detection [23] [24] [25] [26] . Glucose levels are detected based on affinity binding of glucose sensitive polymeric matrix encapsulated over the sensor. Although these studies provide performance metrics of the sensor for various glucose solutions, the complete analysis of the sensor as a viscometer is not reported.
There are also commercial viscometers (Rheosense lVisc [27] and Gluconline [28] ) which utilize single-use cartridges and eliminate any requirements of cleaning. The sample is pumped inside a channel and the pressure difference along the channel is measured at two different locations by pressure sensors. The pressure drop between these two locations is used to calculate the viscosity of the sample. The primary downside of these systems is that they require bubble-free sampling or bubble trappers since bubbles cause additional pressure drop.
The microcantilevers and the sensing method developed in this paper offer a novel method for fast and convenient blood plasma viscosity measurement with high resolution in a cartridge suitable for single use. In the first part, MEMS fabrication and principle of the operation are presented. Afterwards the analytical approximations used during the assessment of the experimental results are shown. In the results and discussion section, repeated measurement results with different glycerol solutions at different temperatures are shown in addition to the measurements with Fetal Bovine Serum (FBS) and blood plasma samples. The comparison of these results with commercial viscometers is also presented.
Materials and methods

Microfabrication
The viscometer device utilizes a microfabricated chip containing electroplated nickel microcantilevers. These Ni cantilevers are fabricated with a single mask process [29, 30] . A 20/100 nm Cr/Au layer is deposited on a 4 00 diameter,<1 0 0> single crystalline silicon prime wafer (with thickness and resistivity values of 400 ± 25 lm and 0.1-0.5 X cm, respectively) using RF sputtering with Vaksis PVD Handy sputter tool. The wafers were provided from Silicon Quest Inc. (LOT No: p0809696). Sputtering is conducted inside Ar plasma at 1.5e-5 Torr vacuum. The Cr target (K.J. Lesker Inc. part no: EJTCRXX353A2) used during sputter has a 3 00 diameter, 0.125 00 thickness and 99.95% purity whereas the Au target (K.J. Lesker Inc. part no: EJTAUXX403A2) has same dimensions and 99.99% purity. Here Cr layer is used to provide adhesion of gold layer to Si, whereas Au layer serves as the seed layer for subsequent Ni electroplating (Fig. 1b) . A positive photoresist (PR), AZ1514H
Ò (Microchemicals GmbH. Batch: DEAZ062154-A7) with a thickness of 1500 nm, layer is coated on the top of Au surface with SPS Spin150 manual spin-coater and patterned with UV lithography using KarlSüss MA45 mask aligner. Inside the mask aligner, the wafer is exposed to UV light whose intensity is 22 Fig. 1a .
After microfabrication, the chip containing microcantilevers is attached inside a microfluidic chamber by epoxy. The chamber is formed by machining 2 mm thick Poly Methyl Methacrylate (PMMA) plaque which is provided from local manufacturer. The channel depth is 500 lm and the total volume of the microchamber is 150 ll. The chamber is machined in water drop geometry ( Fig. 2 ) in order to prevent sharp corners which cause bubbling during liquid exchange. It should be noted that the sample volume requirement can be further reduced for a specific application. The chips are designed for research use and pilot produced. Hence, they have a large real estate (10 Â 10 mm) for ease of handling. The size of the chip can be reduced down to 2 Â 2 mm and the required sample volume can be 10 ll for that kind of a design. The chamber has a single inlet and outlet with drilled holes for fluidic access. PMMA base is sealed by a standard glass slide using epoxy bonding (Fig. 2) . 3D illustration of the cantilevers, which are 15 lm above the Si surface.
Measurement principle and setup
Magnetic actuation
The nickel cantilevers are actuated magnetically with a coil attached to the backside of the PMMA flow cell as shown in Fig. 2 . A pair of bar (3 Â 4 Â 9 mm) neodymium permanent magnet is placed parallel to the cantilever in order generate DC magnetic field (0.5 mT) to saturate magnetization of the Ni cantilevers. For minimizing parasitic capacitive effects and electric resonances in the coil itself, a low turn coil (N = 80) is used. The total diameter and height of this custom made coil is 14 mm and 12 mm respectively, whereas the wire diameter is 0.3 mm. The coil is driven with a high power broadband current amplifier with a fixed current of 1A p-p over the whole frequency range. Since no direct electrical contacts are required on the chip, magnetic actuation with an external coil has a significant advantage for in-liquid operation.
Optical read-out
Sensing is also carried out remotely by optical interferometric readout system (Fig. 3 ). An interference pattern is formed by laser beams reflecting from top Ni surface (movable cantilever) and bottom Si surface (fixed reference) (Fig. 1b) . This leads to an intensity modulation on the photodiode in response to the deflection of Ni cantilever with respect to the Si reference surface. Using the intensity modulation of the first diffraction order, the phase and frequency of the cantilever can be monitored [29, 30] . Optical detection is carried out using a HITACHI 15 mW, 635 nm type laser diode, diffraction gratings embedded at the tip of each cantilever, a THORLABS PDA36A-EC type photodetector, and lenses. The entire readout electronics can be miniaturized and made portable.
Resonance frequency tracking
In order to observe the frequency changes due to viscosity, a custom-made PLL-based closed-loop system is used. The system consists of a broadband mixed signal PLL circuit which locks the system to any desired phase difference between the actuation and the readout signal. The resonance frequency tracking system is specially designed to operate with low Q systems and high background noise levels. Using the phase for resonant tracking is preferred as amplitude based tracking proved to be noisier and affected by other parameters such as laser amplitude noise during the measurements As the quality factors of the cantilevers are very low (around 1.5), the resonance occurs around 60°phase difference as shown in Fig. 4 . Thus the PLL system is designed to track the resonance frequency at 60°phase difference for achieving maximum readout amplitude and signal to noise ratio (SNR). The frequency of the system is monitored with Tektronix FCA 3100 Frequency Counter to average several million cycles within a few seconds and allows sub-Hz frequency sensitivity even in liquids. The equipment is capable of measuring frequency with 12 digit resolution up to 300 MHz, and the time resolution is 50 ps. The device is connected to LabVIEW (NI, 2011) interface via USB port in order to record real-time data. A custom Labview interface is developed which records the real-time frequency data in a common data format. In Fig. 5 each data point shows the average of the values acquired during 1 s time interval. In order to achieve higher SNR and avoid transient condition changes the average of 200 data points is used. The standard deviation of these 200 data points is in the order of 0.01%.
Temperature control
Temperature is a critical parameter when viscosity measurements are considered. The temperature change has an effect on viscosity and density of the fluid and elastic properties of the cantilever structure. The variation of these parameters results in a change of the resonant frequency. The change in viscosity of the fluid is the dominant parameter causing this frequency shift [31] . In order to limit temperature variations of the system an analog temperature controller system is added to the system. It consists of a temperature sensor, AD590, a controller circuit and four resistors for heating positioned symmetrically outside the flow cell (Fig. 2) . Two copper layers are attached on front and back walls of the flow cell to conduct heat to the system in a uniform manner. AD590 provides a linear temperature reading over its full range. Using this controller system the temperature of the fluid can be set to a precision of 0.1°C. 
Theoretical background
The cantilever beam structure is considered as Euler-Bernoulli beam. When the cantilever is operating in viscous media, a hydrodynamic force per unit length, F fluid , is applied to the structure [6] . This force includes two different terms [17] :
x = x(x,t) is the deflection function of the beam axis. The first term is the viscous drag force and second term is the inertial force related to the liquid mass accelerated by the cantilever as shown in Fig. 6a . According to Sader's theory [6] the liquid vibrating with the canti- The maximum amplitude is achieved at 60°phase difference which is the value that the system is locked by PLL.
lever can be assumed as a cylinder with mass per length as given by g2. g1 and g2 can be expressed as [19] :
where w is the width of the cantilever, f L is the damped resonant frequency of the cantilever in liquid. for an infinitely thin beam [32] . M L = pq f w 2 /4, where q f is the fluid density. The illustration in Fig. 6b shows the d parameter, which is the fluid layer thickness where the fluid velocity drops by a factor of 1/e. d can be expressed using the viscosity of the fluid (l), as:
As an example, using the viscosity and density of deioinized (DI) water, d/w ratio becomes 0.213. This value is calculated using an effective width for our cantilever design with varying width. The resonant frequency and Q including the hydrodynamic force effects in liquid can be expressed as:
L and m are the length and mass of the cantilever respectively, and f 0 is the undamped resonant frequency in vacuum, which is very close to that of air. The mass of the cantilever is calculated as 8.8 ng whereas the added mass, Lg 2 is 32.5 ng in DI water. Frequency shift due to viscosity and density changes can be computed iteratively using the above equations. The experimental values for fluid density and viscosity, and resonant frequency in air, f 0 , are substituted in Eqs. (2, 3, 4, 5) to calculate d, g 1 and g 2 , and f L . As can be seen from Eq.4 and 5; the d the f L are dependent on each other. Hence an iterative solution is required to obtain these values. The resonant frequency in air, f 0 , is chosen as the initial value of f L . The iteration continues until the difference is less than 1e-4 Hz between two successive values of f L . The number of iterations required to converge is about 9.
Results and discussion
Measurements with glycerol solutions
During the experiments deionized (DI) water at room temperature (23°C) is used as the reference liquid. Glycerol/DI solutions with varying glycerol concentrations have been used in order to calibrate the system and obtain its response to viscosity changes. The viscosities and densities of glycerol solutions used in the experiments can be seen in Table 1 . In order to cover the viscosity range of blood plasma, glycerol solutions between 5% and 40% are used which correspond to viscosity range of 1.06-3.02 cP. Viscosity values presented in Table 1 are obtained by the measurements with a reference commercial viscometer, Anton Paar AMVn. This device works based on rolling ball principle: a gold-coated steel ball is introduced inside a glass capillary filled with sample. The time taken for the ball to roll a fixed distance between two magnetic sensors is converted into viscosity measurements. A temper- ature sensor close to the capillary's surface measures the temperature within the capillary block. Measurement process with microcantilevers is as follows: First, the microchannel is filled with DI water and resonance frequency is recorded, then DI water is drained and the sample liquid is pumped into the channel and the frequency value is recorded again [33] . The first frequency is used as reference and the percent frequency change is calculated with respect to that reference. Same procedure is repeated for the next solution. The process is repeated at least four times for each solution. The frequency change with respect to DI water for each glycerol solution is shown in Fig. 7 .
Viscosity values for each glycerol solution are obtained using Table 1 and the experimental frequency shift measurements are plotted in Fig. 8 . A 2nd order polynomial is used for curve-fitting the experimental data with good accuracy. The fit function is used as a calibration curve for the subsequent measurements. For a given solution, percentage frequency change is measured and the corresponding viscosity value is calculated using the fit function.
All of the MEMS viscosity measurement results in this paper are based on the experimental data and the fit function. In order to check the validity of the analytical formulas, theoretical predictions are also shown in Fig. 8 . The slight discrepancy can be associated with the assumptions used during the analytical approach [6] and experimental errors.
The variation between repetitive measurements of the same sample is also shown with the error bars. Although they are in an acceptable region, it can be asserted that experimental error during the liquid exchange and sample preparation and local heating of the sample with focused laser spot give rise to this variation.
The viscosities of the glycerol solutions with 10%, 12% 14% and 15% is prepared in order to observe the sensitivity of the system. The system is capable of resolving 0.04 cP viscosity difference which is the difference between 14% and 15% glycerol solutions. To the best of our knowledge this is the best sensitivity value reported with a MEMS viscometer working in this low viscosity range.
Measurements at different temperatures
Increase in temperature results in a decrease in viscosity leading to an increase in the resonant frequency of the system. Also it should be noted that blood plasma and serum measurements should be conducted at 37°C body temperature, hence, reliability of the temperature control must also be confirmed. For this purpose viscosity of the 15% glycerol solution is measured at 23, 25, 30, 35 and 40°C. The viscosity values obtained with MEMS viscometer and reference device are presented in Fig. 9 . The values taken with the MEMS viscometer is slightly smaller than the reference measurements (Table 2 ). This can be attributed to the influence of the local laser heating. The small volume around the cantilever can have slightly higher temperature than other portions due to laser heating. It is extremely challenging to measure local temperature variation in a given liquid at micro scale, therefore this hypothesis is not backed up with experimental data.
Measurements with FBS and BSA solutions
Before measuring human plasma viscosity, viscosities of Fetal Bovine Serum, FBS (Sigma-Aldrich F2442, and Bovine Serum Albumin, BSA, (Sigma-Aldrich A3675) solutions were measured. By adding BSA into FBS the viscosity can be increased significantly whereas the density is not affected noticeably. This makes BSA-FBS solutions a good and easily accessible laboratory model of healthy/unhealthy human plasma. The hyperviscosity syndrome shows up around 1.8 cP [2] . In order to cover that range, BSA-FBS solutions with different molarities are prepared. The molecular weight of BSA is 66.5 kDa. The viscosities of different solutions with 0 M (only FBS), 0.66 mM, 1.33 mM, 2 mM BSA were obtained from the MEMS viscometer both at 23°C (room temperature) and 37°C (body temperature) (Fig. 10 ). The viscosity increase by the addition of BSA to FBS can be clearly seen. Also the viscosities 0 M (only FBS) and 2 mM BSA obtained from the MEMS viscometer and reference commercial device are presented in Table 3 . The values both at 23°C and 37°C are shown. The measurements show a good coherence with a small discrepancy, which can again be explained with the laser heating effect existing in MEMS viscometer.
Measurements with human blood plasma
After the reliability of the system was checked using glycerol and serum measurements, measurements are conducted on plasma taken from healthy donors. After draining blood from each donor in a citrated vacutainer tube, the samples were spun at 5000 rpm for 10 min in order to separate plasma. The blood plasma viscosities of three different male donors obtained with MEMS viscometer are presented in Table 4 . None of the donors has any known diseases showing hyperviscosity symptoms. Their plasma viscosities vary within the range of 1.1 cP and 1.3 cP, which is the normal blood plasma viscosity range [2] . Standard deviation of the measurement is also shown in Table 4 . This value is noticeably higher than the deviations in glycerol measurements and FBS-BSA solutions. This situation is related with the relatively crude and bubbly nature of human blood plasma. It causes local variations of fluid property around the microcantilever and additional noise in optical read-out. Nevertheless, according to these results the system is capable of measuring plasma viscosity with a precision better than 0.03 cP. It can be claimed that the device is suitable for screening of patients with hyperviscosity symptoms, having plasma viscosities above 1.8 cP.
Blood plasma samples can leave hazardous residues inside the capillary tube of the reference device although it is rinsed after use. Hence the measurements with human blood plasma could not be repeated with the reference viscometer due to this contamination risk. This is a further proof that single use and disposable devices are important for measuring viscosity of biological fluids.
Conclusion
A new method to measure the blood plasma viscosity with high precision is introduced using a microcantilever. This MEMS-based Measurements with glycerol solutions with known viscosities are conducted and the response of the system's resonant frequency to viscosity change is obtained. The proposed system is capable of measuring 0.04 cP viscosity difference between 0.86 cP and 3.02 cP which covers the viscosity range of blood plasma. The effect of temperature on viscosity is investigated not only with the MEMS viscometer but also with a reference commercial viscometer. It is seen that the proposed method gives very similar results with the reference measurements with a difference less than 6% in repeated trials at different times. Measurements with biological liquids are also conducted. The FBS and BSA solutions having viscosities varying between 0.86 cP and 2.53 cP are used. The viscosities of human blood plasma samples taken from healthy donors are measured. The standard deviation in these measurements is lower than 0.03 cP. It can be claimed that the MEMS-based viscometer is capable of measuring blood plasma viscosity with high precision and detecting diseases with hyperviscosity symptoms. The system can also be utilized for blood plasma coagulation time measurements, which can be defined as a rapid change of plasma viscosity.
In addition multiplexed measurements can be easily achieved due to the remote nature of actuation and sensing. With the optical readout method of the system, it is possible to perform the readout of multiple sensors simultaneously using an array of optical detectors. Using the proposed method and by combining viscosity and clot time measurements with various agents, a hand-held commercial device with disposable cartridges can be developed.
